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This report describes the design and numerical analysis of a turbine cascade suitable to research the vortex shedding and shock waves coupling. This follows the very successful research model that was used to drive a 60% increase in lift beyond the state-of-the-art for Low Pressure Turbines (LPTs). The selected turbine flow passage enhanced the vortex shedding intensity by using a relatively large trailing edge diameter. This geometry is both government-owned and generic. So, the geometry and all experimental data produced in the study will be distributable throughout the research community, and this can further increase knowledge about the flowfield and additional means to control. A potential solution that is being explored is the use of pulsed cooling ejection to control both the vortex shedding and trailing edge shock patterns. The present research may guide aerodynamic designers to novel concepts to modulate shock waves.
The current research is high relevance for the design of compact and light future fluid machinery. While the results of such an investigation have bearing on transonic turbines and compressors in particular, the physics that dominate the flow are fundamental and could have applicability to any flow that is dominated by both shocks and vertical disturbances.
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Introduction
In transonic turbomachinery airfoils, both shock waves and wakes appear at the trailing edge, giving rise stator-rotor interactions that abate the turbine performance and durability. There is good insight into the physics of the shocks and vortices formation from the time-averaged point of view. In a turbomachine operating at high subsonic Mach number flow (0.96) Clark and Grover [1] found that the unsteady pressures that give rise to High Cycle Fatigue (HCF) in the blade row were dominated not by the typical frequencies associated with rotor/stator interaction but by inherent unsteadiness in the flow due to shock motion. The identified unsteadiness was broad-banded, suggesting that the shedding actually occurred at a frequency between 168E and 180E with an attendant picket-fence effect on the spectral analysis [2] . The hypothesis was that the unsteady blockage caused by the vortex shedding produces enough of an instantaneous variation in the throat area to cause unsteady shock motion with a frequency consistent with that of the von Karman vortices. Hence, high levels of unsteady pressure occur on the blade suction side at the vortex-shedding frequency, and these affect the integrated load on the airfoil surface substantially. These unsteady pressure variations would result in severe non-synchronous (i.e. not associated with blade rotation) vibration in an operating engine. One regularly encounters non-synchronous vibrations in compressors operating near stall [3, 4] , but turbine durability is more usually compromised by unsteadiness due to rotor/stator interaction. Doorly and Oldfield [5] observed instantaneous local separation on a turbine blade in conjunction with shock passing, and their Schlieren images were suggestive of the occurrence of the phenomenon described here in the vicinity of the blade trailing edge.
This report describes the design and numerical analysis of a turbine cascade suitable to research the vortex shedding and shock waves coupling. This follows the very successful research model that was used to drive a 60% increase in lift beyond the state-of-the-art for Low Pressure Turbines (LPTs) in another AFOSR portfolio [6] [7] . The selected turbine flow passage enhanced the vortex shedding intensity by using a relatively large trailing edge diameter. This geometry is both government-owned and generic. So, the geometry and all experimental data produced in the study will be distributable throughout the research community, and this can further increase knowledge about the flowfield and additional means to control. A potential solution that is being explored is the use of pulsed cooling ejection to control both the vortex shedding and trailing edge shock patterns, described by Saracoglu et al. [8] . The present research may guide aerodynamic designers to novel concepts to modulate shock waves.
The current research is high relevance for the design of compact and light future fluid machinery. While the results of such an investigation have bearing on transonic turbines and compressors in particular, the physics that dominate the flow are fundamental and could have applicability to any flow that is dominated by both shocks and vortical disturbances.
Airfoil design

Design tool
One hundred rotor blade geometries were designed at AFRL using a complete design and analysis system for turbine airfoils described by Clark et al. [9] . It employs an industrystandard airfoil shape-generation algorithm developed to define turbine blade and vane shapes. The grid generator and flow solver of Ni [10] were used to determine the aerothermodynamic behavior of the design shapes. The shape and grid generators and the flow solver are then combined with GUI-based flowfield-interrogation and designoptimization techniques to allow a designer to realize new and/or improved airfoils in short order. A combination of optimization tools are available including gradient based (sequential quadratic programming) and genetic algorithms as well as Design of Experiments analysis, and a wide range of objective functions are specifiable by the user (e.g. to reduce loss or to minimize the circumferential distribution in static pressure downstream of the airfoil after Clark [11] ).
The imposed inlet total temperatures, total pressures, and flow angles corresponded are listed in the table below. At the outlet, the measured average static pressure P s2 was imposed corresponding to a nominal Mach number of 0.95. All the walls were assumed to be adiabatic with no-slip boundary condition. 
First generation of turbine airfoils
A total of a hundred airfoil geometries were first analyzed considering the time-averaged behavior with the solver developed by Ni [10] .
The numerical domain reproduced a single flow passage, considering periodic boundary conditions on the upper and lower ends of the domain. The inlet and outlet sections which were inclined according to the stagger angle of the cascade were located 0.5 and 1.5 chords away from the profile leading and trailing edges respectively. The computational mesh was prepared using the tool developed by ADS, WAND. Special attention was paid to the resolution on the wall, the base and the wake regions.
All the simulations were run in a desktop with the following characteristics: AMD Athlon II X2 B24 3 GHz. For the time-averaged simulations 4000 iterations were run resulting in residuals below 10 -6 . The finest grid (run for airfoil 65) consisted of 111747 elements, which required about 20 hours of computational time to run 4800 iterations.
The analysis of the time-averaged pressure is performed to characterize the flow field aerodynamics in the cascade passage. Based on the steady flow analysis the worst airfoil in terms of losses was number 4. Geometries 2, 5 and 98 had a convergent divergent flow passage. Airfoils 61, 65 and 68 exhibited an over acceleration in the front suction side followed by a sudden increase in pressure. In terms of downstream pressure distortion the airfoil 68 was the best. Fig. 1 -left displays the geometry of the most interesting profiles 39 and 68. Both are characterized by a convergent passage within the guided passage by the airfoils. Unfortunately airfoil 68 has a tiny valley of static pressure in the front suction side, which would be very detrimental at off design conditions. Both airfoils exhibit a nearly constant acceleration along the suction side until around x/bx equal to 0.7, where the right running shock of the neighboring airfoil impacts. The deceleration caused by the shock wave is much more intense for airfoil 68 than for the airfoil 39. Then downstream of the shock impact the flow keeps accelerating in both airfoils until the trailing edge. 
Final redesign of the turbine airfoils
Based on airfoils 39 and 68 several modifications were made to obtain two final airfoils called "39 modified" (obtained by reshaping the leading edge) and "68 plus 20 deg" (increasing the leading edge wedge angle by 20 degrees). Fig. 2 below displays the geometry and the static pressure distribution. Both airfoils exhibit a very similar aerodynamic behaviour. The most striking difference in the loading is the front part of the pressure side. "Airfoil 68 plus 20" experiences a plateau, while the 39 modified has a steady acceleration all along the profile. Additionally, airfoil 39 modified exhibits less difussion in the rear suction side, the lower loading is being compensated in the front pressure side where the airfoil has a smoother rate of acceleration. Hence, the modified 39 airfoil is the selected geometry. Fig. 3 represents the isentropic Mach number distribution for several outlet Mach numbers ranging from 0.6 to 1.1 for the modified 39 and 68 airfoils. Both experience a very similar behavior. In the subsonic range, the modified 39 has a lower rate of diffusion in the rear suction side, while in the supersonic range 39 has a more abrupt difussion. For a supersonic outlet Mach number 1.05 one can observe that the pressure decrease caused by the shock impact is larger in the airfoil 39, and likewise the extent of the acceleration caused by the expansion fan is larger. Hence one would expect a stronger shock in the case of airfoild 39. 
Off-design analysis of the modified 39 airfoil
Final airfoil geometry
The selected transonic turbine airfoil is the modified 39, whose geometrical coordinates in (x,y) is listed below: 
